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PREFACE

Within the progress span of Laser Ranging the Fifth Interna-
tional Workshop on Laser Ranging Instrumentation, held at Herstmonceux
Castle in September 1984, is an interesting bench-mark.

Unfortunately the premature death of Frank ZEEMAN has hit our
community. These proceedings are dedicated to his memory.

Satellite Laser Ranging achieves now a remarkable level of ac-
curacy and operational efficiency. Measures are at the few centimeter
Tevel and are obtained regularly in such an amount that reduction to nor-
mal points is mandatory. Thes improvements are the results, to a large
extent, of the fruitful cooperation between the technical and scientific

communities.

This progress must be continued. It is well known that the week
point of the Laser Ranging is its sensitivity to the weather. This handi-
cap could be minimized only if the accuracy of the method were superior
to other space techniques. The potentialities will achieve their full mea-
ning only if calibrations and refraction correction are determined with a

centimeter or sub-centimeter uncertainty.

Calibration is a fast moving domain. Today the necessity of cau-
tious and frequent determination is well rekognized. For many stations,
ranging On targets at known distance is still the basic method. This is
progressively complemented or replaced by internal calibrations. A new
concept of station construction allows a zero calibration value. Also a
mobile device able to compare the various constants directly could be
used.

Two-wavelenth experiments were presented for the first time at
the workshop. Tested on short ranges, this technique prepares the direct



determination of the refraction correction. The preliminary results are
very promising and involve the use of very impressive and accurate time
measurements methods, i.e. streak cameras.

New stations will soon join the network. Some of them are highly
mobile and automated. This trend allows, with reduced manpower, the deve-
topment of original programs (Wegener..).

Important objectives have been achieved by Lunar Ranging people.
For the first time, two stations obtained measures simultaneously and quite
regularly. The accuracy of Lunar-devoted stations is following the path of
satellite ones. The introduction of new sites in the network, expected soon,
will enhance this evolution and will open interesting fields of research.

This brewing of ideas was made possible thanks to the organisa-
tion of the Royal Greenwich Observatory under the responsability of our
host G.A. Wilkins and the participation of the Special Study Group 2.81
of the IAG. The Worshop was sponsored by the International Association
of Goedesy.

Thanks are due to :

*The program committee (C.0. ALLEY USA, K. HAMAL CZ, G.A. WILKINS GB,
P. WILSON FRG, J. GAIGNEBET F.) ; *The session chairman, who not only
had to manage but were also given the task to collect the papers of
their sessions ; *The speakers and all the participants of the workshop
who have driven the meeting to a high standard ; *Pr. SEEGER from the
Geodetic Institute of the University of Bonn (RFA) for the printing of
the proceedings ; *M. PERRIN for her useful preparation of the edition.

J. GAIGNEBET



PREFACE

v

Dans 1'évolution de Ta télémétrie laser, le cinquiéme
“International Workshop on Laser Ranging Instrumentation" qui s'est
tenu au chateau d'Herstmonceux en Septembre 1984, marque une étape
intéressante.

En effet, la télémétrie sur satellite artificiels a atteint
un deqré remarquable de performances et d'efficacité opérationnelle. La
précision est de 1'ordre du centimétre et les mesures obtenues de facon
réguliere sont si nombreuses que la génération de points normaux est de-
venue obligatoire. Ce progrés est en grande partie dd & la bonne coopé-
ration entre le personnel responsable de la mise en ceuvre des stations
et les scientifiques chargés du traitement des données.

IT est évident que cette amélioration de 1'efficacité opération-
nelle et de 1a précision doit se poursuivre. Nous savons que le point fai-
bTe de la télémétrie laser est sa sensibilité a 1'état du Ciel. Cet handi-
cap ne peut étre surmonté que si 1'exactitude des mesures est supérieure
a cellie obtenue par les autres méthodes spatiales. Cet avantage potentiel
ne peut acquérir sa pleine signification que si les calibrations et les
corrections de réfraction sont réalisées avec une précisien centimétrique.

La calibration est un domaine en pleine évolution. La nécessité
de veiller au sérieux de sa détermination et a la fréguence de sa mesure
est maintenant reconnue. lLes tirs sur cible & distance connue restent la
méthode de base pour beaucoup de stations mais sont progressivement com-
plétés par des systémes de calibration internes en cours de poursuite.

Une nouvelle conception de stations permet d'obtenir une constante de cali-
bration nulle de censtruction. Enfin, la sation de calibration LASSO permet

de disposer d'un moyen de comparaison des télémétres.



Les premiers rapports sur les c¢tudes de la télémétrie en deux
coulteurs ont été présentés au colloque. Cette technique, testée jusqu'a
ce jour sur des distances faibles, doit permetire la détermination di-
recte de la valeur de la correction de réfraction. Les résultats de ces
études sont trés prometteurs et actualisent des méthodes de mesure du
temps impressionnantes de précision, telles les caméras a balayage de

fente.

Le colloque a d'autre part permis de se rendre compte que de
nouvelies stations sont bientdt entrer en activité. Par ailleurs, le
développement de systemes extrémement mobiles et automatisés pernet,
d'une part de réduire le potentiel humain d’explioitation, d'autre part

de développer les programmes originaux (Wegener).

La télémétrie de la Lune a atteint des objectifs importants.
Pour ia premiere fois, deux staticons ont obtenu des données assez réqu-
Tikrement et simultanément. La précision de ces stations suit une pro-
aression similaire 3 celle mentionnée plus haut. L'introduction prochaine
de nouveaux sites dans le reseau va accelerer cette évolution et accroitre
les retombées scientifiques.

Malheureusement, cette méme période a vu la disparition préma-
turée de Frank ZEEMAN, nous 1ui dédions ces quatriémes compte-rendus.

Ces échanges d'idées ont été possibles qrdce a 1'organisation
mise en place par le Royal Greenwich Observatory, sous la responsabiliteé
de ndétre hote G.A. WILKINS, avec la participation du SSG 2-81 sous les

auspices de 1'Association Internationale de Géodésie.

Les personnes suivantes sont également 3 remercier

* e Comité des Programmes (C.0. ALLEY USA, K. HAMAL CZ, G.A. WILKINS GB,
P. WILSON RFA, J. GAIGNEBET F.) ; * Les présidents de session qui ont

“du regrouper les textes présentés ; * Les conférenciers, pour le haut
niveau de leurs contributions ; * Le professeur SEEGER du Geodetic Inst,
de 1'Université de Bonn pour 1'impression des compte-rendus ; *M. PERRIN

pour sa préparation pratigue de 1'édition,

J. GAIGNEBET
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REFERENCE COORDINATE SYSTEMS AND FRAMES
CONCEPTS AND REALIZATION

I.I. Mueller

Dept. Of Geodetic Science and Surveying
Ohio State University

Columbus, Ohio 43210-1247 USA

Telephone (614) 422 1773
TWX 810 482 1715

ABSTRACT

Gecdynamics has become the subject of intensive international research
during the last decade, involving plate tectonics, both on the intra-plate
and inter-plate scale, i.e., the study of crustal movements, and the study
of earth rotation and of other dynamic phenomena such as the tides. Interre-
lated are efforts improving our knowledge of the gravity and magnetics fields
of the earth. A common reguirement for all these investigations is the neces-
sity for a well-defined reference coordinate system (or systems) to which all
relevant observations can be referred and in which theories or models for the
aynamic behavior of the earth can be formuiated. In view of the unprecedented
progress in the ability of geodetic observational systems to measure crustal
movements and the rotation of the earth, as well as in theory and model deve-
Topment, there is a great need for the theoretical definition, pratical reali-
zation, and international acceptance of suitable coordinate system (s) to fa-
cilitate such work. This article deals with certain aspects of the establish-
ment and maintenance of such a coordinate system.






L

EDEAL AND CONVENTIONAL REFERENCE SYSTEMS AND FRAMES

in order to clarify some of the conceptusal aspects of various roference
systema and frames, we propose to use sapecific terms proposed in
[Kovalevsky and Mueller, 1981] that have been used somewhat incongistently
in the pasti.

The purpose of a reference frame is to provide the means io materialize
& reference system so that it can be used for the quantitaiive description of
woaitions and motions on the earth (terrestrial frames), or of celestial bodies,
including the earth, in space (celesatial frames). In both cases the definition
iz baged on a general statement giving the rationale for an ideal casge, i.e.
for an idesl refersnce systom. For example, one would have the concept of
an ideal terrestrial system, through the statement that with respect to such
& system the crust should have only deformations (i.e., no rotations or
translations). The ideal concept for a celestirl system is that of an inertial
aysiem so defined that in it the differential equations of motion may be
written without including any rotationsl term. In both cases the term
“ideal” indicates the conceptual definition only and that no means are
propossd io actually conetruct the system.

The aciual construction implies the choice of a physical structurs whose
motions in the ideal reference sysiem can be described by physical theories.
This implies that the environment that acts upon the structure iz modeled by
2 chosen gel of parameters. Such a choice i not unique: there are many
ways to model the motions or the deformations of the earth; there are also
many celestial bodies that may be the basis of a dynamical definition of an
inertial system {moon, plansis, or artificial satellites). BRven ¥ the choice is
baged on sound acientific principles, there remains s part of imperfectiion or
arbitrariness. This is one of the reasons why it is suggesied to use the
term "conventionzl” to characierize this choice. The other reamson iz relasted
tc the means, usually conventional, by which the reference frames are
defined in practice.

At this stage, there are still two steps that are necessary to achieve the
final materialization of the reference aystem =0 thai one can refer
coordinates of objects to them. Firsi, one has to define in detail the model
that is used in the relationship between the configuration of the basic
siructure &nd its coordinates. At this point, the coordinstes are fully
defined, but not necessarily accessible. Such =2 model iz callad a
convenlional reference system. The tferm "sysiem" thus includes the
deacription of the physical environment as well as the theories used in the
definilion of the coordinates. For example, the FX4 {conveniional) reference
system ig defined by the ecliptic as given by Newcomb’s theory of the sun,
the wvalues of precesmion and obliquity, alse given by Newcomb, and the
Woclard theory of nutation. Once 2 refersnce system is chosen, it ig stil
naceggary to meke it available o the users. The system uesually ism
malorialized for thie purpose by a number of points, objectias or coordinatee
to be used for referencing aay other poini, object or coordinste. Thus, in
addition tc the conventional choice of a syatem, it iz necessary to construct
a sel of conventionally chosen {or arrived at) parameiers {e.g., star positicns
or pole coordinates). The sst of such paresmeters, meterislizing the system,
define a conventional refsrence freme. For sxzmple, the PK4 catslogue of
over 1500 star ccordinates define the FK4 framse, maierializing the FK4
aysiem. Anolher exemple is the BIH Conventiional Terrestrial Frame, whoae
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poce s tae origua of the polar wmotion derived {and published} by the BiH,
and wh@a@ longituds origin i8 the Grsenwich Mean Astronomical Meridian, in
vaaiiiy i ooint on the sgustor of the above pole, used by ths BIE for
This frame malerizlizes ithe BIH Conventional Terrestrial
; n 10 whitch itzslf until recently was defined by the FE4 frame,
i‘w@wcorzm & conatente of precession and obliquity, Woolard'’s =series of
i by wil ihe assumptlions made :esgarding the refarence
f the p&:s*tiei@atmg abaervatories and their relstive weights, etc.
; yelem ig bheaed on the AU 1978 precessicn consiant and
iaK} seriss of nutation.

'533 :

Aunother way of defining the CTS for the deformable earth is through the
time wvarying posilions of a number of lerrsatrial observatories whose
coordineles arve pesriodicslly resobserved by some internaiional service. The
frame of this CTS could then be derived from the changing coordinstes
through transformations containing rotational (and possible tranalational)
parameters. These transformation parameters computed and published by
the service would then define the frame of the system. The service, as part
of the systen definition, thus would have to make the assumption that the
prograssive chengea of the reference coordinates of the obeervatories do not
repreasoni rotations {snd iranslations) in the statistically significant sense.
This mode sesms 0 be the consensus for the establishment of the future
OT8 frame,

t iz mlzo necessary ito point out thai celestial reference systems may be
dofined kinematically (through the positions of extragalactic radio sources),
or dynamically {through the geocentric or heliocentric motions of artificial
satellites, moon, pianets)., Steliar systems, such as the FK5, are hybrid.
Furthermore, aponrozimations muet be introduced in the model so that it im
oot trus to say that these systems are realizations of an idsa! inertial
gystem, This is why it iz appropriate to use the term conventional "quasi”
inertial system {UIS8) as a common term for all such celestial systems. The
corresponding frames would be defined by either the adopted positions of a
sat of radico sources (kinemetic frame) or the adopted geocentric or
haliocaniric ephemerides (dynamic frames), all serving the materislization of
the CIS with greater or lesser guccess (accurscy).

There seems to be general agreement that only two basic coordinate
sysiems are needed: a Convaniional Inertial Sysiem (CIS), which in =soms
"prescribed way" iz atieched to exiragalsctic celestial radio sources, to
sarve &8 a reference f{or the metion of a Conventional Terrestrial System
{CTS}, which moves and rotates in some average sense with the earth and is
algo atiached in =some “prescribed way" to 2 _number of dedicated
cbeervatories operating on the earib’s surface [Mueller, 1981]. In the latier,
the geametx*y and dynalmc behavior of the earth would be described in the
ponss, whils in the former the movemenis of ocur planstery amystem
{mciue‘iim g ths earth) and cur galaxy could be monitored in the asbsoluia
BENIES. There alzo =ssems to be a need for ceriain interim systems to
facilitote theoreticel calculatione in geodesy, astronomy, and geophysics as
well as 1o sid the possible lraditione]l decompesition of the transformetions
between the framesg of ths two baszic systems.

Az we will sese laisr, ithere already seems to be understanding in
principle on how the {wo baasic reference systems should be established;
cartain operational deiails need to be worked oul and an internationsl
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sgreoment i8 necesary. There are, however, a number of more or leas open
questions which will have to be discussed further. Thess include the type
of interim systems needed and their comnections to both CIS and CT'8, the
type{s} of observatories, their number and digtribution, whether all
ingtruments need to be permanently located there or only installed at
guitable regular intervals to repeat the mesaurements; how far the model
development ehould go so ms not to become mapractical and unmanageable;
and how independsnt cbservetions should bs refsrenced to the CTS, i.e.,
what kind of services need to be sstablished and by whom. This discussion
deals only with questions relsted to the OTS.

CONVENTIONAL TERRESTRYAI, SYSTEMS (CTS) OF REFERENCE

As mentioned, the frame of the OTS is in some "prascribed way" asttached
to obeervatories located on the surface of the earth. The connection
between the CTS and CIS frames by tradition (to be preserved) is through
the conventional rotations expressed as [Mueller, 1969}

1CTS ] = SNP [ CiS ]

witgrs P ois the mailriz of rotation for ereceasion, N for nulsiion, snd 8§ for
earth roiation (polar motion and sidereal time). Polar motion thus ig defined
ag ithe angular separation of the third exis of the CT8, the Conventional
Tarreairial Pole {CTP), and the axis of the earih for which the nutation {(N)
iz computed {e.g., instantaneous rotation axis, Celestinl Ephemeris Pols,
Tisssrand mean sxis of the mantle {see [Muellsr, 19811]}.

Goodynamic reguirements for a OTS mey be discuseed in terms of global
or regional problems. The former sre required for monitoring the =arth’s
rotation, while the latter are mainly associated with crustal motion studies in
wiich ons iz predominently interested in sirsin or strain rate, quaniitiss
which are directly related to siress and rheclogy. Thus for these studies,
giobal reference =systemz are not particularly important although it is
desirable to relate regional studies to o global frame.

For the rotation atudies one is interested in the varistions of the earth’s
rotational rate and in the motions of the rotation axis both with regpect to
gpace (CIS) and the crust or the CTS. The problem therefore iz thresfold:
{1} to establish a geometric description of the crusi, sither through the
coordinates of a number of points fized to the erust, or through
poiyhedron{s) connecting these points whose side lengths end angles sre
directly estimable from observations uging the new space techniques (laser
ranging or VLBI). The Ilatier iz preferred because of ite goomatric clarily.
{2) To establish the time-dependent behavior of the polyhaedron dus to, for
example, crustal motion, surface loading or tides. {3) To reiate the

polyhedron (o both the OIS and the OT8., For the global testonic probloms

Emﬁ:g the firet two pointz are relevant although thess mey alzo be resclved
through polint {3).

_ In the sheence of deformation, the definition of the OTS i= arbilrary,
Iia only requirement is thai % rotates with the rigid earth, bul common
sense suggesis that the third axis should be close to ihe mean posiiion of
the rotation awiz and the first axis be nesr the origin of longitudes. An
arbitrary choice, such as the one presently defined by the BIH-published
poler coordinates and UT1 is appropriats,
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in the presence of deformalions, particularly long periodic or seculzr
enes, the defindtion iz morse wproblematical, because of the inability to
separate rotetional (and translational} crustal motions of the crusi from
£ i of the T8, Thiz iz why the conmensus seeme o be the OT8 described
aarlier. If such & system is adapted, the secular type molions mentioned
above will bz abscorbed in the future OTS, by dJdofinition. Residuals with
reapect W such & TS will provide estimates of relative motions beiwsen

nE, e., of the deformations.

Ome  geophysical reguirement of the reference system is that other
geophyeical meesursments can be related to it. One example is the gravity
fimld. The reference Irame generally used when giving values of the
apherical harmonic coefficientz is tied to the axes of figure of the earth.
Thir freme should be simply related with sufficient accuracy to thes CT5 as
well ms to the CIS in which, for example, aatellite orbiits are cealculated.
Ancther example is height measurements with respect to the geoid.

The veriical motions may require some apecial attention, because abasolute
motions with respeci to ithe center of mass have an immediate geophysical
interont and ars reslizebls. Again, if the center of mass has significant
motions with respect to the crust, such a motion will be absorbed in the
future CT3, if defined as suggested above. At present there ig no
compelling evidence that the center of mass is displaced significanily at least
at the decade time scale.

Apart from the geomsirical congiderations the configuration of
obsesrvatoriss should be such that {1) there are stations on most of the
major iscionic plates in  sufficient number to provide the necessary
statistical strength, (2) the stations lie on relatively siable parts of the plate
Bo ag to reduce the posgibility that tectonic shifts in some siations will not
overly influence, at least initially, the parameters defining the CTS {rame.

Finally one should realize that the problem of the geometric origin of the
TS freme iz linked to that of & geocentric ephemeris frame. The center of
mass of the earth is directly accessible to dynamical methode and is the
natural origin of a geccentiric satellite~-based dynamicel system. But, asg
such, it is model dependeni. And, unless the terresirial reference frame is
also comnstructed from the same satellites (ag is the case in various earth
models such as GEM, SAO, GRIM), there may be inconsistencies between the
agsumed origin of a kinemstically cobtained terrestirial system and the center
of maes., A time-dependent error in the position of the center of mass,
considered ae the origin of a terrestrial frame, may introduce spurious
apparent shifts in the posiijon of siations that may then be interpreted as
arronsoug plate motions. To svoid thise problem the parameters defining ihs
TS frame should include trenslational terms as suggested earlier.

Cherront Situstion

Unttil 1984 the internaticnally accepted Woolard series of nutation was
used to compule the posilicn of the instantaneous rolation axis of the rigid
sarth, and the CTP was the Conventional Internsational COrigin (CIQ), defined
by the =adopied agironomic lstitudes of the five International Latitude
Sorvice {(IL3) sisticns [Musllsr, 1888L

From 1984 onward the IAU 1980 {Wahr, 19811 series of nutation for the
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nonrigid earth gives the space position of the Celestial Ephemeris Fole {(CEP).
The COTP officially remaine the same as before., Thus, conceptuslly, polar
motion should be determined from latilude obgervations only at the 1LS
sitationa. This has been done for 80 years, snd the resulls ars, the best
mvailable long-ferm polar motiong, properly, but not very accurately,
determined. The first axis of the CTS, the Greenwich Mean Astronomical
Meridian, is defined by the saasigned anironomic longitudes of time
oheervalories participating in the work of the Bureau Initernstional de
YHsurs {BIH}.

For resszons explained elsewhere {e.g., [Mueller, 18811}, the ume of tha
CIO is no longer a2 reality. The common denominator bsing the sariss of
nutation, observationally the CTP is defined by the coordinatse of the nole
ez published by the IPMS or by the BIH. Thus ii iz legitimate to speak of
IPME =2nd BIH COTPs. The situation recently her become saven more
complicated because Doppler and lager satellite tracking, VLBI obssrvationas,
and lunar laser ranging slso can determine earth rotation parameters, some
of which are incorporated in the BIH computations. Further confusion arises
due to the fmci that the BIH has two gystems: the BIH 1868 and the BIH
18949, the iatler dus to the incorporasiion of ceriain annual and semiznnual
varistions of polar motion determined from the compsarisons of sstroncmical

{oplical) resulis with those from Doppler and lunar laser obaerveailons

{Feizsel, 1080

Phough neivrelly every effori haes been made to kesp the IPMSE and RBIH
pole of thse CTS as close ms possible to the CIO, the situation cannot be
considerad salisfaciory from the point of view of the gecdynamic sccuracy
roguirement of a few paris in 10%,

The Future Conventions! Terrosirisl Reference Framg

There sesme {0 be gesneral agresment that the new CTS frawme
conceptually be defined smimilarly to the CIO-BIH system [Bender and Gosad,
1879 Guinot, 1879 Hovaleveky, 1979 Mueller, 1575, 1881; Hovalevsky and
Musller, 1981], i.e., it should be atiachsd to observatories localed on the
surface of the earth. The main difference in concepti is that theass can no
longer be assumed motionless with reaspect to emch other. Alsc they must be
saitipped with advanced geodetic instrumsniation ke VLBI or lsasers, which
are no longer referenced to the local plumblines. Thus the now
trengformation formuln way heve the form

[0BS}s = Ly + [CT8]; + v (2}

Whex-e Lg is the vector of the obhgervatory’s movement on the deformable

warihe with seapest o the OTE.

The [0BB}; is related o the observealory coordinates {(¥°; determined in
the ierresirml framea inherent in the cbeervationsal tecnnique {e.g., SLR} 0",
throwgh the well-bkrnown fransformaiions invoelving thres transistion
compensnte {5°), three {(usually very small) rotations {F°) and e differential
scale factor {c):

{0B8]; = ?3 + 8+ Ry(f1) Ralfa) Rs(Fs) :523 ¥ cﬁ} (3}
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Meiurally in case of iechnigues which obeerve directions only (e.g.;
ssirometry), bthe lerms conteining iransizition and scale will be omitted.

g. (4} and (3; logeiher with {4) below (and possibly others) may form the
Sesrvaiion ecuations to be used when realizing the future CTS. The latter
7553%.:,&:,}9?& {Zhu and Mueller, 1983] relates an earth rotation parameter (ERP}
zeries {¥p, yp: and UT1) determined by the tecknique "0", within its own
frames of refersncs, with the parameters of rotation above:

5

L

5

- o
e Bp v omy Bin et oay cos e = owp i,

+ v
Yp ¥p {4)

i

L] * o -
Yp - By — & cos e t @y sSin e

we UTL + B — o, os UT1™ + vpgml

where «,, «,, %y are the small rotations between the frames of the CIS of
the techmique "0" and that of the service, ¢ is the sidereal time, «o the
conversion factor between sideresl and solar times, and v the residuals.

The unknowng in the above system of eguationg to be solved for, in a
isast sgusres soiution minimizing the sguare sum of the residuals v, are
[CTS1; and Lj for the ohservatories; 3*, §° and ¢° for the terrestrial frames
of the technigues; &° for their inertial frames; and finally, the ERP
parametars (x@, yp and UT1) for the service. If, however, in eq. (3) the
BRPs5 (xpp Vps UTl } are mean velues averaged over intervals longer than a
day, «} and «% cannot be determined, because the sin ¢ and cos e terms
average to zero in one sidereal day.

As mentioned, the parameters pertaining to the observatories ([CTS]1; and
L) define the CTS. The others give the relationships of the CTS to the
techmque 0" terresirial frame (3°, F°, ¢} to the CIS (xp, ¥yp UT1); and the
Iatter's relationship to the taschniqus "0" inertial freme (&*).

The rotationsg in eq. (3) can either bs determined from the Cariesian
coordinates (e.g., {Moritz, 19791} or, for possible beiter sensitivity, since the
rotation iz least sensitive to wvaristions in height, only from those of the
horizontal coordinates {geodetic Iatitude and longitude) (e.g., [{Bender and
Goad, 19791). It is, however, unlikely that the rotations will continue to be
determined {as presently} from astronomical coordinates, i.e., from the
direction of the vertical, for the ressons of inadequate observational
accuracy. Note that when using this method, the deformations (and the
residuals) by definition cennot have common rotational (or translational)
componenis.

Ag far as the origin of the CTS is concerned, it could be centered at the
ar of mass of the sarth, and its molion with respect to the astations can
be monitorad either through observalions to aatellites or the moon, cr,
probably more sensitively, from continuous global gravity obssrvations at
properly selected observatoriea [Mather et al.,, 1977]. For the former method,
the condition

}ﬁw}}‘gﬁ:@

could be imposed on the above adjustment. The summation would be
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extended to all the above dynamic techniques D with given relative weights
Wpe A gimilar condition could slzo be imposed on the scale extended to
technigues defining the best scales (probably VLBI).

The above method of determining ERP or some variation thersof needs to
be initialized in a way to provide continuity. This could be done through
the IPMS or BIH poles, and the BIH zerc meridian, at the selected initial
epoch {or averaged over a well-defined time intervel, say 1-1.2 years),
unceriainties in their definition mentioned earlier mercifully ignored.

It is probably not useless to point out thai if such a system is
egtablished, the moat important information for the users will be the ERP and
the transformation paerameters, but for the acientist new knowledge about
the behavior of the earth will come from the analysis of the residusals after
the adjustment.

It is hoped that the IAU and IUGG will make practical recommendations
on the sstablishment of such or a very aimilar Conventional Terrestrial
System, including the neceesary plans for supporting observaiories and
gervices. One of the recommendations ought to be that due to the fact that
the uliimalc goal is the determiuation of the total transformalion between the
CTS and OIS, the future service must publish not only the ERP’s dstermined
from the repeated comparisone {the siluation at present), but also the models
and paramefers discussed above, l.e., the parameters defining ithe whole
gy alem.

In conciusion, there is little doubt that the terresirial reference frame
presantly sdopted is of very litile practical use because of its insufficient
acceszibility. Further, ihe asironomicel observations should be repleced by
msthods which are not tied to the direction of the vertical but rather to
direstionz Yed to the crust. Such msthods are ihe lagser observations io
satellites and to the moon, and VLBI. Portable systems can establish the
poivhedron{s) discusssd earlier, while permanent siations ai asuitably chosen
locationa would become the observatories for the meaintenance of the CTS
uging the method dsacribed sbove.
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ABSTRACT

The past decade and a half has been a period of achievement for Lunar
Laser Ranging (LLR}, having made the transition from an Apollc experiment
to a program of scientific impact. Areas influenced by this technique in-
clude geodynamics, geodesy, astronomy, lunar science, and gravitational
physics. Scientific results are reviewed here and are grouped by areas of
impact : geophysical parameters, ephemerides, references frames, and coor-
dinate systems and their unification. Lunar science, gravity, and relati-
vity have been advanced by this program. Future challenges are addressed.
With the reality of multi-station LLR (three sites, four systems), the
future is indeed promising.



July 21 of this year marked the fifteenth anniversary of the first manned lunar
lznding by the Apolle 11 Mission. On the fifth day of that historic mission the
tunar module fagle touched down on the lunar surface and Man first stepped onto
tae Moon. The visitors stayed for less than a day, but their journey marked a new
era for mankind. Included on this mission and the later Avollo flights 14 and 15 were
lzser reflectors thet permit precise measurement of the Harth-Moon separation. In
Lunar Leser Ranging {LLR}, individual photons are detected. When all losses are
considered, out of the ~ 10*° photons transmitted per shot, the receiver detects only
oine photon every 10 or 20 shots. The three Apollo reflectors plus the French-built
reliector on Lunakhod 2 create a favorable geometry for studying the rotations of
tne Moon and permit separation of geodynamic effects from lunar motion.

‘The main block of lunar range data is from McDonald Observatory {August 1969
to May 1982); the ranging system was of 10 cm accuracy during the latter half
of this period. There are also less accurate data from Orroral Vailey, Australia
[Getober 1978 o October 1980), the CERGA site at Grasse, France {April 1982 to
March 1984), and a few days of range data from Haleakala Observatory on Maui
{in 1977). There was a hiatus in the McDonald data from May 1982 until July
1983 due to the development of a new ranging system {MLRS), which is expected
to be considerably more accurate. The new system is still being optimized, and
useful data were obtained last spring. April also brought an abrupt improvement
in the French data to about 10 c¢m precision for the best ranges, as judged from
our fits. The Haleakala sile has also returned part of its effort to lunar ranging,
alter 2 number of years devoted to satellite ranging, and has now obtained verified
lunar ranges with an improved system. These acquisitions marked a historic event
for LLR; for the first time in its fifteen-year history, data were acquired at three
sites with four systems (McDonald 2.7 m, MLRS, CERGA 1.5 m, and Haleakala).
Multiple-station ranging is now a reality. The gap in Orroral data is due to the
time required for system upgrade, and ranging will resume shortly, with improved
accuracy. Research activities are also underway at the Goddard 48-inch optical
facility under Carroll Alley of the University of Maryland. The future has the
potential for higher accuracy and possible additional stations, such as Wettzell.

LLE has contributed much in its history. The results can be grouped and reviewed
by areas of impact: geophysical parameters, ephemerides, reference frames, and co-
ordinate systems and their unification. Lunar science, gravity and relativity have
also been advanced by this technique. Reviews have addressed some of these top-
ics: Bender et al. (1973) mark the transition of the LLR program from a mission
experirpent to o program of scientific exploration; Williams (1977) outlines the sci-
entific accomplishments; Mulholland (1080) reviews the progress made during the
first decade of LLR; and Alley {1983} discusses LLR results as a test of gravity
theories.

Of importance to the geodynamics community has been the series of measurements
permitting long-term studies of variations in the Earth’s rotation, as well as determi-
nation of many parameters of the Earth-Moon system. The coordinates of the obser-
vatories are determined in the geocentric frame. LLR provides an accurate value of
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Earth Rise on the Moon

the principal term GMEgar¢yn in the Earth’s gravity field. The LLR-determined value
of the secular acceleration of the Moon (—25.3 & 1.2 arcsec /century?, Dickey et al.,
1984a), is now significantly better than values based on conventional astrometry or
inferred from artificial satellite detection of the tidal gravity field. This acceleration
in longitude, which corresponds to a linear increase of 3.74:0.2 cm/yr in the mean
distance of the Moon, has implications for ocean tides, the decrease in spin rate
of the Barth, and the evolution of the lunar orbit. LLR has contributed to deter-
mination of Universal Time (UT1) and polar motion; the long-term stability and
temporal resolution of a day or less are assets of LLR data. Recent tabulations of

Earth rotation from LLR data are given by Langley et al. (1981a), Calame (1982),

and Dickey et al. (1983; 1984b). Earth rotation intercomparisons between LLR and
other techniques (e.g. Robinson et al., 1983; Dickey et al., 1984¢) are one of the prin-
cipal goals of the MERIT Campaign, an effort organized by a joint working group
of the International Astronomical Union and the International Union of ‘Geodesy
and Geophysics to Measure Earth Rotation and to Intercompare Techniques.

For studying the processes which underlie variations in the Earth’s rotation, the
long span of available LLR data is valuable. LLR has produced new information
about the exchange of angular momentum between the solid Earth and atmosphere
(Eubanks et al., 1984 and 1985}, and was instrumental in the discovery of the near
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50-day oscillation in the length of day (Feissel and Garmbis, 1980; Langley et al.,
1981b) and its correlation with a similar oscillation in the atmosphere. This dlscov—
ery has stimulated research i in the atmospheric commumty (Anderson and Rosen,
1983). An analysis (Yoder et al., 1983) of LAGEOS satellite range data (Umver—
sity of Texas) with the LLR UTl determination revealed significant nodal residual
signatures, a.ppa.rently arlsmg from varlatxons in the zona.l grawtatlona.l harmonic
coefficient J2. The implied decrease of J; is cons:stent thh historical observations
of the nontidal acceleration of the Earth’s rotation a.nd models of postglacial vis-
cous rebound. The determination of J, is. 51gn1ﬁca.nt as it constitutes the first
unambiguous demonstration of a secular change in the Earth’s gravity field. Tidally
driven periodic terms in UT1 have been studied by Yoder et al. (1981a and b),
who determined the response of the Earth at the fortmghtly and monthly periods.
Morgan et al. (1982) used LLR estimates of variation of latitude to derive spectra
of polar motion for a shorter span of data than is possible using classical optical ob-
servations; such spectra are important for studying non—statxonary mechanisms for
excitation and damping of the Chandler wobble. The analysis of LLR observations
has shown them to be sensitive to the nutation coefficients. Dickey et al. (1984a)
reported improved upper limits for the free nutation of the Earth’s core and found
the amplitudes of the half-year and fortnightly nutation terms to match those of
the Wahr series to within a few milliarcseconds. However, a small deviation of the
annual term similar to that reported from VLBI observations (Gwinn et al., 1984)
appears to be present. A longer data span is needed to have a definitive separation
between the precession of the FKarth’s equator and the 18.6-year terms.

LLR has revolutionized the lunar ephemeris, being three orders of magnitude more
accurate than the classical optical data. Both JPL and MIT have produced numer-
ically integrated lunar orbits and librations and have made solutions which include
lunar and planetary data (Newhall et al., 1983; King, private communication, 1984).
Here, we have the best of two worlds, combining the sensitivity of the Viking ranges
to Mars with the lunar ranges. The lunar and planetary ephemerides based on
range data are set in a nearly inertial celestial coordinate system. LLR is sensitive
to the mutual orientation of the planes of the Earth’s equator, the lunar orbit, and
the eclipti_c; hence it locates the intersection of ecliptic and equator (the dynamical
equinox) and determines the obliquity. The dynamical equinox has been used as the
zero point of the right ascension system in several JPL ephemerides and has been
proposed as the celestial origin for the space techniques (Williams ef al., 1984). Pre-
liminary ties have been made between the quasar VLBI frame and the ephemeris
frame by performing VLBI experiments between Mars- and Venus-orbiting space-
craft and quasars at small angular separation (Newhall et al., 1985). The satellite
systems can be linked to the dynamical equinox and the inertial frame by using
colocation data with LLR and VLBI instruments; the LLR instruments which are
operating or under development either have LAGEOS capability or are located near
instruments which do.

Lunar laser ranging has made possible a several-order-of-magnitude improvement
in measurement of the forced and free variations in the Moon's rotation—the lunar
physical librations. These measurements have had two important results: the de-
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tection of apparent large free librations (Calame, 1977; Cappallo et al., 1982) and
the detection of rotational dissipation within the Moon (Yoder ef al., 1978; Yoder,
1981; Ferrari et al., 1980; Cappallo et al., 1981). Taken together, these results place
constraints on the internal structure of the Moon, particularly the size of a lunar
core (Stevenson and Yoder, 1981; Yoder, 1981). In sddition, LLR determines lunar
gravitational harmonics, the lunar Love number k, and the fractional differences of
the lunar moments of inertia. The reflector coordinates are obtained and serve as
cartographic control points.

Verification of the principle of equivalence for massive bodies was achieved by seeking
the Nordtvedt {1968) effect in the lunar orbit (Shapiro et al., 1976; Williams et al.,
1978). This contribution to fundamental physics gave the first test of the nonlinear
and dynamical structure of General Relativity’s post-Newtonian field compornents
(Nordtvedt, 1983).

The future is promising with the reality of multi-station LLR. Both components of
polar motion will be measured; UT1 will be better determined with more continuous
coverage in time. Studies by Stolz and Larden (1977) predict accuracies of 1-2 ¢m
for pelar motion and 0.02-0.04 msec for UT1 using four stations (Orroral, CERGA,
Haleakala, and McDonald) operating at 3 cm accuracy; better results are expected
if the goal of 1 cm range accuracy can be achieved. Baselines and corresponding
plate motions can be studied using multi-station LLR results. A covariance study
{Dickey ei al., 1984a] indicates that the accuracy of the nutaiion amplitudes and the
pracession constant improves substantially as the data span increases. Simulations
{(based on & three-station network—McDonald, Haleakala, and Crroval--with an
¢ priori uncertainty of 0.5 nsec) predict an accuracy of 0.06 arcsec/century for
the precession constant by the end of 1988, surpassing the standard error of 0.15
arcsec/century quoted by Fricke {1877; 1081} from analyses of optical results, The
error in the 18.6-year nutation terms will be reduced fo 2 milliareseconds by the
end of 1988, a level that should be useful for limiting the Earth’s interior structure.
Another goal is to combine LAGEOS tidal results with those from LLR {see Williams
et al., 1978). Artificial satellites are sensitive to many tidal terms because of their
proximity to Earth. A joining of both data types can advance our understanding of
the tidal processes.

In lunar science, further progress awaits only the acquisition of more accurate ob-
servations and the redundancy useful in separating signatures in the data due to
(terrestrial) polar motion from these due to errors in our models of the lunar orbit
snd rotation. In the area of lunar interior structure, there may bs range signatures
having smplitudes of a few centimeters which can distinguish between solid-body
and core-mantle dissipation. This discrimination requires range data having uncer-
tainties of at most 5 em. Another clue, advanced by Yoder (1981}, to the existence
‘of a liquid core would be the presence of irregularities or changes in the free physical
librations due to turbulence at the core-mantle interface. Again, precise data are
needed to detect such small effects, but a success would be scientifically valuable,

In gravitational physics, results can be improved by a factor of four by the availabil-
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iy of more accurate observations. Estimates of PPN {Parametrized Post-Newton-
izn] quantities can be made using & combination of LLR data and planetary obser-
vations,

The past decade and a half has been productive and exciting for LLR; the technique
made the transition from an Apollo experiment (LURE) to a program of scientific
irpact. Areas influenced are geodynamics, geodesy, astronomy, lunar science, and
gravitational physics. A “giant leap” is underway with the advent of high accuracy
raulti-station LLR. The science of this period has been done with ranges of 10 cm or
more uncertainty, heavily dominated by a single station. New insight and knowledge
will be gained with 1 to 3 cm ranges from several sites. Indeed, the best is yet to
come!
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ABSTRACT

A quality assurance program for satellite laser ranging data is a ne-
cessary part of trying to assess the effects of systematic instrumental
errors on studies of fectonic motions and cther geophysical gquantities.

The present informal program includes accuracy self-checks of individual
stations, initial colocations of new systems, some field colocations, and
analysis of residuals with respect to global orbits. Intercomparisons with
results from other techniques are an essential final check, but the value

of the results for each technique is enchanced if reliable confidence inter-
vals can be obtained for each technique by itself.

As part of efforts to evaluate the level of instrumental systematic
errors in data being used for tectonic studies, we have started to analyze
colacation data in terms of residuals from 5 to 30 day orbits fitted else-
where to global observations. The first case looked at was the MOB &/ MOB 7
colocation at Goddard in October, 1982. For eight of the best passes, the
rms difference of the smoothed instrumental errors for the two stations
was 7.9 cm. This rms difference can be reduced to 3.4 cm by adjusting the
horizontal position of MOB 6 by 13 cm, but it seems more likely that the
7.9 cm rms difference was due to the performance of MOB 6. Other colocati-
ons for wich residuals from orbits fitted to global observations are avai-
tabie witl be analyzed also.
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ABSTRACT

" Atmospheric refraction and target speckle can affect significatly the
accuracy of satellite laser ranging systems. The performance of the atmos-
pheric correction formulas for both single and two color ranging systems
is reviewed and the effects of target speckle on timing accuracy are dis-
cussed,
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Atmospheric Effects

Pulsed laser ranging systems estimate the distance to
retroreflector equipped satellites by measuring the roundtrip propagation
time. The accuracy of satellite laser ranging systems is limited in part
by atmospheric refraction and turbulence. Small random fluctuations in
pressure and temperature due to turbulence along the propagation path will
cause the path length to fluctuate. The rms path length fluctuations
caused by turbulence are related to the turbulence spatial power spectrum
and the refractive index structure parameter an, which varies with alti-
tude and time of day. The mean-square path deviation calculated using the
von Karmon spectrum is given byl

2 .5/3

L™ = 3.2 ¢& 12 hy / cos (1
where Al = path length deviation
Cio = gstructure parameter value at the ranging site
LO = guter scale of turbulence
hTur = atmospheric scale height for turbulence

E = satellite elevation angle.

For satellite ranging, Ly and by, are on the order of 100 m and 3 km
respectively. Under these conditions, the rms path deviations can be up to
a few centimeters when the satellite is at low elevation angles (= 10°),
and the turbulence is very stron [C%O = 10713 72 3). Under most con—
ditions C%O will be much weaker [< 10713 m“2/3) so that the rms deviations
wlll be a few millimeters or less. Two color ranging systems can partially
cerrect for the random path fluctuatlons so that in most cases turbulence
effects are negligible!.

Atmospheric refraction increases the optical path length to an
orbiting satellite by 2 1/2 m when the satellite is near zenith and by more



than 13 m when the satellite is at 10° elevation. Numerous formulas have
been developed which can partially correct range measurements for the
effects of atmospheric refraction. However, only the correction formulas
derived by Saastamoinen?, Marini and Murray® and Gardner" provide cen-
timeter level accuracies at the lower elevation angles (10 - 20°).

Marini and Murray‘s3 formula is particularly convenient for
correcting satellite ranging data because it only requires measurements of
atmospheric pressure, temperature and relative humidity taken at the laser
site during the satellite pass. However, their formula was derived by
assuming that atmospheric refraction is spherically symmetric. Because
this assumption holds only approximately in the troposphere, horizontal
refractivity gradients can introduce centimeter level errors into the
Marini and Murray formula at low elevation angles. A correction formula
that compensates for horizontal gradients was derived by Gardner . The
accuracies of both the Marini and Murray and Gardner formulas were
evaluated by comparing them with data obtained by ray tracing through
refractivity profiles calculated from radiosonde measurements of pressure,
temperature and humidity. The results indicate that these correction
formulas provide accuracies which vary from a few millimeters when the
satellite is near zenith to a few centimeters at 10° elevation.

The range correction for atmospheric refraction can be written
in the form

AC = SC + GC . (2)

The spherical correction term SC corresponds to a spherically symmetric
atmosphere, while the gradient corrveciion term GC includes the effects of
horizontal refractivity gradients. The correction terms can be expressed
as functions of meteorological parameters by evaluating the integral of the
group refractivity along the propagation path. The resultant spherical and
gradient correction foruulas are given by4™H

so = 100 A+ B 3
, in E +.“§££é_f_§l_
s sin E + .01
GC = ——o (P T K)
sinE tank — 85 s
2.2
Lo DL+ 1/2 cosQE) ney PsTsKs (4)
sin3E tan E - z- Kg
where
£(A) = 0.9650 + 0.0164/2> + 0.000228/ " (5)
F(6,H) = 1 + 0.0026 cos 268 — 0.00031H (6)
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1,163 + 0.00968 cos 26 - 0.00104TS

(7
+ 0ﬁ00001é35PS
O.UO2357PS + 0,000141es {3)
-8 -8
(1.084 x 10 ®) P T K_+ (4.734 x 10 %)
5 8 8
2
-(PS/TS) 2/(3 - lle) (9)
R® -6 -2
B0.343F(A) > 10 7 = 6.915 x 10 £CA) (10)
(Mg)
2 R -6 -7 |
80.343F(A) = 10 ¥ = 6.362 x 10 * £(x) , (11)
T 3
o (Mg)

water vapor pressure at ranging site (mb)
surface pressure at ranging site (mb)
surface tenmpervrature at ranging site {(K)
colatitude of ranging site

altitude of ranging site above sea level (km)

28.966 molecular weight of dry air

1

8314.36 J (X) (kg—mole)“l universal gas constant

0.784 m/sec2 acceleration of gravity

6378 km nominal earth radius

sin ax + cos oy ,

satellite azimuth angle (a = 0 = North), and

and y are the east and north unit vectors.

Both 5C and GC ave given in meters when the listed values for A, B, C and D
are used and the gradients are in units of m *.

The accuracy of the spherical correction formula has been exten-
sively checked by Marini and Murray3 by ray tracing through atmospheric

refractivity profiles which were calculated from radiosonde
radiosonde data, which consist of pressure, temperature and

data, The
humidity

measurements taken at various altitudes during the balloon's ascent, were
used to construct spherically symmetric refractivity profiles above the



balloon's release point,

The ray trace corrections and formula showed very
good agreement even at low elevation angles.

Table I summarizes Marini and

Murray's results for comparisons with 634 different ray traces through
refractivity profiles generated from radiosonde observations taken near

Dulles Airport, VA during 1967.

The formula for SC is nearly an unbiased

estimator of the spherically symmetric ray ftrace correction, RT).

The standard deviation of the difference between SC and RTy

arises from twe factors:

medeling errors in the formula for SC and errors

in the measured values of atmospheric pressure, temperature and humidity

which are used to calculate SC.

The dominant error source is pressure. A

1 mb pressure error introduces approximately 14 mm error in SC at 10° ele-

vation.

The effects of measurement errors can be estimated by taking the

partial derivatives of SC with respect to the metecrological parameters.

TABLE 1

Range error calculated by Marini and Murray3 for a ruby

laser (X = 694 nm).

RT; is the ray trace correction for

spherically symmetric profiles.

RTy - SC
Elevation RT Standard
angle Mean (m) Mean {(cm) deviation {(cm)
80° 2.47 0.07 0.04
40° 3.69 ~0.1 0.07
20° 6.91 ~0.05% 0.12
15° 9.08 0.G5 0.19
16° 13.32 -0.08 0.49

parameters.

Since the measurements of pressure, temperature and relative

humidity (Rh) are statistically independent, the total rms error im SC is

given by
2 2 20 1/2
i asc 35C 38C
% [aP Opf LET‘ @J + Lﬁﬁﬁ OR%] (12)
where
3SC _ £(A\) 2.357 x 10
3P~ F(0,80)  sin § (m/mb) (13)
-8
ssc  E(A) 1.084 x 1077 P K,
5T - (m/°K) (14)

sin” E
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58C  £(\) 8.615 x 10° T 17.27(T - 273.15)

3Rh ~ F(O,H)  sin B TP 23705 ¥ (T, - 273.05) (/%) (13)

and op, op and gy denote respectively the rms errors im pressure, tem—
perature and relative humidity. The derivatives are plotted versus
zievation angle in Fig. 1. Typical measurement errors are 0.5 - 1 mb for
pressure, 0.7 - 1.5 °K for temperature and 5 - 10% for relative humidity.
Consequently, above 10° elevation angle, pressure errors are the dominant
source of error in S5C.

The gradient correction is a function of the horizontal pressure
and temperature gradients and is significant only at the lower elevation
angles. GC is a sinusoidal Ffunction of azimuth with a peak—to-peak value
of 4 = 6 cm at 10° elevation and 1 - 1.5 cm at 20° elevation. Because sur—
face pressure is relatively uniform, under normal conditions horizontal
refractivity gradients will be predominantly a function of the temperature
gradients. At a 20° elevation angle, the sea level gradient correction is
approxinmately 1 cm peak—to~peak for a horizontal temperature gradient of
1°C/1006 km, The gradient correction is more difficult to calculate than SC
because the formula requires measurements of the horizontal pressure and
temperature gradients at the ranging site. The horizontal gradients can be
determined only by measuring pressure and temperature at three or more
polnts surrouading the ranging site. The measurements are used to calcu—
late the parameters of an appropriate model for the horizontal variations
of Py and Tg.

The accuracy of the GC formula was also evaluated by comparing
it with ray trace corrections®. The results for 10° elevation are
illustrated in Fig. 2. RT3 is the correction obtained by ray tracing
through a 3~D refractivity profile calculated from data obtained by
radiosondes released almost simultaneously from eight locations near
Leonardtown, MD during January and February 197G. RT; is the ray trace
correction for the equivalent spherically symmetric refractivity profile,
The gradient effects (RT3 — RT;) vary sinusoidally with azimuth and are
predicted reasonably well by GC. The comparisons at 10°, 20°, 40° and 80°
elevation are summarized in Table II. The amplitudes of the gradient
correction predicted by the GC formula are within a few percent of the ray
trace values (RT3 — RT;). However, the phase differs by 11°. The average
ray trace correction peaks at 0° azimuth while GC peaks at 11° azimuth.
Refractivity gradients have their greatest Influence at the higher
altitudes, where the laser beam trajectory 1is relatively far down range
from the laser site. The correction formula attempts to predict the
effects of these high altitude gradients from surface measurements of
pressure and temperature. Tevrrain features such as wmountains, large bodies
of watar, and ground cover probably have 2 greater influence on the weather
near the ground than at the higher altitudes. Consequently, local
geography could introduce amplitude and phase biases into the gradient
correction formula.

The major error source in the gradient correction formula
appears to be errvors in the measured values of pressure and temperature,
which are used to calculate GC, and terrain features, which distort the
temperature and pressure fields near the ranging site. Both of these
problems can be minimized by using many weather stations to obtain the



TABLE II

Gradient correction and ray trace comparison;
Model: =A cos {(a - ¢)

Elevation .
Angle RT3 - RT, GC (RT3 - RTi) - GC
B A i) A ¢ A ¢
10° 2.4 cm | 0° 2.2 cm §11° 0.49 cam | —-66°
20° 6.5 cm 0° 6.3 mm 11° 1.2 mm -73°
40° 1.5 mm {0° 1.5 mm | L1° 0.29 mm | ~75°
80° 0.15 mm | 5° U.14 mm L1° 0.041 mm | -78°

required meteorological data and distributing them over a large area. This
approach has the added advantage of also improving the accuracy of spheri-
cal correction. However, there have been studies indicating the presence
of relatively large temperature variations occurring over short spatial
scales (= 10 km) which may significantly distort the calculated value of
GC8+7. As a consequence, care must be exercised in computing the required
pressure and temperature gradients., This problem becomes even more dif-
ficult in mountainous terrain where the surrounding weather stations may be
at widely differing altitudes.

Two—Color Laser Ranging

Two—color laser ranging provides a very attractive alternative
for determining the atmospheric correction. The difference in path length
at two laser frequencies is a measure of the refractive conditions existing
over the propagation path at the instant the measurements are taken and can
be used to estimate the atmospheric correction®. Let L; and Ly denote the
optical path lengths messured at wavelengths A, and A, respectively. Let
Doy and n,y denote the group refractive indices of aif¥ at the ranging site
for wavelengths A; and )y respectively. Then the atmospheric corvection at
wavelength Ay is approximately

- L) (16)

where

y={n, - 13/(n, - ngl) . (17)
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Eguation (16) is accurate at optical frequencies. However, at radio and
millimeter wavelengths the water vapor content of air can introduce
substantial evvors iatc Eq. (17). 1If we ignore the small water vapor
effects at optical frequencies, vy can be written as

vy = EO/[EG) - £(h) ] (18)

fecause v 1s on the order of ten for all wavelength pairs of the fundamen-
tal, doubled and tripled YAG laser frequencies, it is necessary to deter—
mine the differential path length (L = Ly) with an accuracy which is
approximately ten times greater than the desired accuracy for the
atmospheric correction.

The accuracy requirements on the differential path length
measurement can be eased considerably 1f the results of numerous measure-—
ments are averaged. Since the atmospheric correction and differential path
length are functions of the satellite azimuth and elevation angles, the
satellite position must be taken into account when measurements are
averaged. For typical refractivity profiles, the atmospheric correction
given by Egs. (2}, (3) and (4) can be modeled approximately as

B R B, cosy B, siny
AC = e b — 243 P (19)

sinlk .3 sinf tank sinE tanE
sin E

The model coefficients 81 - B4 can be expressed in terms of meteorological
parameters using Egs. (3) and (4). Alternatively, they can be calculated
by using Egs. (16) to compute AC from measurements of L; and L, taken
during the satellite pass and using a regression analysis to fit the data
to a curve of the form given by Eq. (19). A mere accurate value of AC
could then be obtained by evaluating the regression curve.

The performance of the regression model given by Eq. (19) has
been evaluated using the parameters of Starlette Satellite passes over the
Goddard Space Flight Center in Greenbelt, MDY. The rms error of the
regression model can be written as

_ Yo

o
AC Nl/Z

F (20)

where o,1, 1s the rms differeatial path length error at zenith, N is the
number of two-color measurements made during the satellite pass and F is a
dimensionless error factor which depends on azimuth and elevation angle and
on the satellite pass. o, Ls proportional to w1 2, This dependence is
typical of the error reduction cobtalned when independent measurements are
averaged. If N is large and F is small, the regression error opc Will be
much smaller than the single measurement error YOpLe

The azimuth and elevarion angle of the Starlette Satellite is
plotted versus time in ¥Fig. 3 for a typical low elevation angle pass over
Greenbelt, MD. The satellite rises in the NE, rveaches a maximum elevation
angle of 24° and then sets in the SE. Figure & 1s a plot of the error fac-—
tor F versus time for this pass. Measuremenls were assumed to be taken
only when the satellite was above 15° elevation. At low elevation angles
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the laser pulses will be attenuated more than at zenith because of the
increased atmospheric extinction. This effect was taken into account in
calculating the data plotted in Fig. 4 by assuming that the differential
path length error was proportional to 1/(sin E)V. v was chosen so that the
path length error at 20° was 1, 2, 5 and 10 times larger than the error at
zenith.

The error factor is largest at the beginning and end of the pass
where the satellite is at the lower elevation angles. The reason for this -
behavior is evident from Eq. (19), The effects of errors in the regression
coefficients become more pronounced as the elevation angle decreases, par—
ticularly for errors in B8, B3 and B4. Also, the error factor increases
when the path length error is more severe at the lower elevation angles.
However, the error facter is usually less than 10 so that if N is large,
the regression model will provide a much more accurate estimate of AC than
a single two—color measurement. The high elevation angle Starlette
Satellite passes provide similar results®. Therefore, it is not unreason-—
able to expect a factor of 10 or more improvement in the accuracy of AC by
using the regression model.

Ranging Accuracy and Laser Speckle

Mode locking and Q-switching techniques are now used routinely
to generate laser pulses of a few picoseconds in duration. These short
pulses can provide higher accuracies in laser ranging and altimetry.
However, when the range spread of the target is larger than the transmitted
pulse length, speckle can cause random small scale fluctuations within the
reflected pulse which distort its shape. This effect is called time-
resolved speckle and can introduce ervors Iin laser ranging measurements,!0

Estimation of the arrival times of laser pulses was first
studied by Bar-David!! who derived the Maximum Likelihood (ML) estimator
for pulses contaminated by shot neise

;SHOT = arg max .§ ki ﬁn.E;(T) {21)
T i=1
where
ki = received photocount in the ith time bin and
E& = expected photocount.

The ML estimator is implemented by corvalating the recelved pulse shape
(ks) with the logaritim of the expected pulse shape (Ei)¢ The ML estimate
Tgupr 18 the time (1) at which the correlation is maximum. If the
expected received pulse shape is Gaussian with an RMS length of op and the
gspeckle 1s fully developed, the variance of the ML estimator is

2 . {1 i 2 )
¢ Var(rg, ) = [<M> +"£<"j 9 (22)

where



<> expected recelved photocount/pulse

#

KS speckle signal-to-nolse ratio.

Kg 1s related to the target geometry and the laser cross~section and has a
minimum value of 1. Im general, K; is small (~ 1} whenever the target is
gmall. The RMS ranging error using the ML estimator 1s plotted versus pho-
tocount (<M>) in Fig, 5 for the case of an infinitely large flat diffuse
target. Results are plotted for laser incidence angles of 5, 10 and 20°.
Tnizially, in the shot nolse dominated regime, the ranging error decreases
{~ <M>—l/é) as the photocount increases. But the error then reaches a
limiting value in the speckle noise dominated regime. Similar results
would be expected for partially developed speckle of the type generated by
reflections from retro-reflector arrays used in satellite ranging. Most
laser ranging receivers use constant fraction discriminator (CFD) timers.
The timing error for the CFD is larger than the error for the ML estimator.
As a consequence, speckle establishes a fundamental limit in ranging
accuracy and its effects should be considered when using short pulse
lasers.
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ABSTRACT

The potential accuracy of LAGEOS observations from the worldwide laser
network can only be realized if relatively subtle effects in the station
and satellite force model are considered. In this report, the effects on
station position predicted by recent models for the Earth and ocean tides
are described. The perturbations on the LAGEQS orbit due to tidal effects
must also be modelled as well as along-track variations which have been
ascribed to the effect of charged particle drag.



SOME MODELLING REQUIREMENTS FOR PRECISE LAGEOS ORBIT ANALYSIS

In order to use the capability of LAGEOS observations
o monitor crustal deformation and tectonic plate motion at
the centimeter level, ridal inlluences on the tracking
stations must be modelled to a similar level of precision.
The tidal model adopted for the MERIT Project (USNO, 1981)
inciudes the solid earth response due to Wahr (1981). Wahr
considers an eliliptical, rotating, elastic and oceanless
earth, and this model yields station motion which differs
from the decimeter variation predicted by Love’s simpler
spherically symmetric model at the K, tidal frequency. The
differentiat etfect amouunts to about oune centimeler in the
radial direction and is a maximum at 459 latitude. A
thorough mathematical treatment is given in the MERTT
Standards document (op. cit.) which also alerts the user of
laser ohservations Lo the need for a consistent treatment of
a zero freguency station displacement which may be iacluded

in nominal station coordinates.

The ocean tidal model currvently adopted for LAGEDS
analysis 1is that due to Schwiderskil (1980), Goad (1980) has
developed a techaique wusing integrated Green”s functions
which defines tidal loading height displacement amplitude and
phase wvalues far important laser sites. The wvertical
displacemenlt c¢an amount Lo several centimeters at coastal
locations and should be included in a precise statlon

position analysis.

The ocean tidal model is however more critical in 1its
long period effect on the orbiral behaviour of LAGEOS. FEanes

et al. (1981) have shown that effective modelling of the

43.



ocean tides can improve our determination of the inclination
and node of the orbit at the meter level. The period of
these affects ranges from 14 days (M2) to 1050 days (K1) and
influence the definition of the inertial reference system as
well as the resolution of earth rotation rate. The much
larger effects on the orbit due to the solid earth ctides
{see, for example, Smith and Dunn, 1980) can be accommodated
with more certainty that the ocean tidal perturbations, which
will require refinement from analyses of LAGEUS and other

itaser satellite observations.

A very long period effect has also been ohserved in the
nodal evolution of the LAGEOS orbit by Yoder et al. (1983}.
It has been ascribed to the viscous rebound of the solid
Earth from the decrease in load due to the last glaciation,
and appears as an apparent secular decrease of the second
zonal harmounic. This subtle perturbation is wunlikely ¢to

warrant inclusion in most geodynamic studies.

A much larger secular variation has been observed 1in
the along-track component of the orbit (Swmith, 1983).,
Rubincam (1982) concluded that charged parvticle drag could
account for the effect, but Anselmo et al., (1983) have
suggested that the Earth”™s albedo could also contribute
significant periodic terms. An empirical wmodel for the
along—track variation must be used to accommodate the effect
in orbital analyses based on continuous orbits of more than a
few days. Data reduced in shorter arc lengths allow the
perturbation to be absorbed into an estimate of the orbital
semi~major axis, and the size of the orbit must bhe

continuously monitored to provide a measure of the variation.

T
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ABSTRACT

The method employed to position the Modular Transportable Laser
Ranging System (MTLRS) with respect to ground markers has been opti-
mized to produce ground ties with optimal precision and reljability.

This paper describes the practical application of this method
and summarizes numerical results obtained during the testing phase
of MILRS1 at the Kootwijk Observatory in the period April-July 1984



1. Introduction

l.aser ranging to satellites utilising mobile ranging equipment requires the realisation of
s geometric connection between an operationally wall defined reference point 5 in the

ranging system and an equally well defined reference point P for the site (figure 1).

Figure 1. FEarth-fired geometry
of laser ranging to satellite C
and to calibration itarget T.

The obscrved ranges are rveferred to the instrumerntal center §. Coordinate
solutions must be referred to marker P in case of mobile salellite

laser ranging.

Once this connection has been established, the latter point serves as the terminal point
of the baseline which can be solved for in the data reduction of the observed satellite
ranges. i: this geometric tie is not available or erroneous it will be impossible to relate
baseline solutions from different site occcupations, since a proper common reference for
the baseline terminal points does not exist. Therefore a scrupulous approach ta the

determination of this geometric connection is a necessity.

For the Modular Transportahle l.aser Ranging System {MTLRS) a special positioning
device has been constructed which can be attached to the front end of the telescope tube
and with which markers in the immediate vicinity of the telescope mount can be
observed in 3 dimensions. The method of data reduction employed to obtain the ground
tie, has been designed to minimise the influence of undetected errors in the observations

i.e. to maximise the reliability of this determination.
In the period of April-July 1984 MTLRS1* has been stationed at the Kootwijk

Observatory for final testing and performance validation. Also the positioning method

has been tested in this period and the resuits clearly indicate the excellent precision and

¥ The first one of two identical systems to be constructed
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reliability of the obtained ground tie, in spite of the remarkable simplicity of the
observational technique. Essential to the approach is the use of a number of markers

more or less symmetrically arranged around the telescope mount.
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2. The Technique
2.1 The positioning device

The positioning device (figure 2) comprises a standard He-Ne laser together with a simple
3 meter spring-rule, housed in a framework which can be firmly attached to the front end
of the telescope tube. The He-Ne laserbeam points downward and passes through a prism
which allows for small corrections to the direction of the beam. The tape of the spring-
rule, once pulled out (figure 3) will be immediately adjacent to the laserbeam and thus

directions and slant range can be observed simultaneously.

Figure 2 The positioning device attached to the front end of the telescope of
MTLRS. The device is made up of a He-Ne laser for pointing at the
marker and of a spring rule for ranging to the marker.



Figure 3 Close-up of the spring rule device.

During installation of MTLRS at a site, the mutual orthogonality of the telescope axis,
the azimuth- and elevation axis will be checked and the index error of the elevation
circle will be eliminated utilising standard techniques, involving stars and other remote
targets. Subsequently, after attaching the positioning device to the front end of the
telescope tube the He-Ne laserbeam will be adjusted to be orthogonal to the telescope
axis and parallel to the azimuth axis, employing a simple auto-collimation technique
illustrated in figure 4. Salad oil turned out to be a liquid that excellently reflects the
laser beam. After this calibration procedure accurate directions can be obtained by
simply pointing the He-Ne laserbeam at markers utilising the mount pesitioning system.
The slant ranges can be obtained by pulling out the tape and reading the tape at a mark

in the positioning device.
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figure 4. Observing a marker utilising the positioning device.
Prior to the observations the laser beam is properly adjusted,
employing a simple technique of auto-collimation.

2.2 The markers

The markers must be designed to allow for precise pointing with the He-Ne laser beam
and for observing the slant range with the spring rule. An engraved circle of about 9 mm
diameter turned out to be optimal for centering the oval shaped reflection of the laser
beam at a distance of 2 to 3 meters. A central pinhole in the circle defines the actual

point of reference and facilitates the taking of the slant range.

The bronze marker must have a slightly curved topsurface to enable precise 3-
dimensional surveying. These markers must be carefully installed at the site, firmly
attached to the subsurface soil and properly isolated from surface soil or site pad. (figure
5). Installation in vertical constructions like a stable wall or the side of a pier is also
possible. The topsurface of the marker should then preferably be tilted to have a similar

angle of incidence of the laserbeam as for ground based markers {figure 6).

Especially if more than one marker is available at a site, a clearly readabie letter or

other character must be engraved in each marker for reliable identification.



Figure 5 The markers must be properly isolated from the surfuc soil or side pad.
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Figure 6 A marker attached to a vertical wall. An engraved circle of 9 mm diame-
ter facilitates pointing the laser beam. The pinhole materializes the actual
reference point.

2.3 The redundant approach:

If the telescb’pe mount is properly oriented in _azi_r'nuth., the'r"_equiréd grbtj_nd tie can be
deduced from simple geometry. If the vector 'S'Fii in figure 7 is ‘expressed ln components
on the reference system defined by the telescope mount and scaled by the spring rule

(the S~-system) as:

this vector can be related to the observables as:
Ala . RN
_1 _0_ cs |-
E;=5m -al.:an(Ri )._—.atancpi l
s
X2
A; = atan 5 d (2.2)
X.
i
N 2 s 2.4
Ri = (§ F’i - O\Oa) )
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fiogure 7.  The geometry of observing elevaiton, ustmuth and range
Lo a marker I';. The observations determine Lthe vector SPy in the
ingtrumental reference system S.

in which the distance Aza is a calibrated instrumental constant. If only one marker is
observed, these observations would be sufficient to uniquely define the ground tie vectaor.
However, there would be no way of checking the occurrence of errors in pointing, reading
or recording. Realizing the vital importance of a proper ground tie for relating baselines
obtained from different site occupations, it would be extremely hazardous to suffice with
observations to only one marker. Moreover, in view of the relative low cost of installing
several markers at a site and the ease of observing them, it must at least be considered

careless not to adopt a redundant approach to the ground tie problem.

The method employed for MTLRS not only requires redundancy, but also seeks optimal
reliability in the ground tie vectar. (Vermaat and Van Gelder, 1983) studies the effect of
number and distribution of markers on the precision and reliability of this determination.
This study reveals that a minimum of four or five markers, more or less symmetrically
arranged about the site center is an optimum. It is required that from a previous, precise
survey, relative positions of the markers are a.vailabie in a cartesian aﬁd right-handed,

but otherwise arbitrary coordinate system (0-system)
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The software instslled in MTLRS then solves for a seven parameter similarity
transformation between the instrumentally defined S-system in which the observations

wre taken and the U-system in which the marker coordinates are given (figure 8):

S 88,0 0
Xoo= A ROX] - X)) (2.3)
5 . - -
whare )xi is the observed position vector of marker i in the S-system
? is the vector of given eoordinates of marker i in the O-system
Af’] is the ratio of scale factors of 0- and S-system

(Rz) is the 3-dimensional rotation from 0- to S-system i.e.
5
(RS) = Ry (1) Ry(8) Ryle)

is the position vector of peint 5 in the O-system.

In the satellite range data reduction a bageline will be solved for, terminating ot point 5,
the center of the S-system. This baséline must be corrected for the eccentricity
vector Xg to obtain the baseline terminating in point 0. (figure B). This vector can be

abtained from the transformation parameters solved for:
s 855 0
= A - .
X = 2R (-XD) (2.4)

1t is recommendable to maintain the length scale as implied in the marker coordinales in
the 0-system, instead of the scale of the S-system being determined by a bending and

temperature dependent spring rule, thus:
st .8 0
X, = RO(-X) (2.5)

This correction can be best applied in a global reference system, requiring astronomical

latitude (®) and longitude A , so the baseline correction can be obtained froms:

q 0 S o]
X3 = R3(~A) Rz(% +¢)(RO)(-><S) (2.6)
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3. MNumerieal results

UDuring the test-period for MTLRSI at Kootwijk, various ground tie determinations were
performed employing the method outlined above. At tie observatory two different sites
are available for MTLRS. The so-called astronomical platform (figure 9) can
accommaodate MTLRS in a semi-stationary position when actual satellite ohservations are
to be performed. The second site is at the parking lot where five positioning markers are
arranged just as suggested for international site pads where MTLRS is to be expected
(figure 10). This site is primarily meant for testing purposes. Both sites have been
occupied in the testing period and the numerical results obtained with the positioning
device are presented in tabies 1 and 2.

The upper part of each table displays the seven estimaled similarity transfarmation
parameters, their formal precision ( ¢ ) as well as their worst-case reliability ( v ) i.e,
the upper bound influence of marginally detectable errors in any of the observations. The
lower part of each table contains the residuals of the observations together with their
test-variates i.e. the squared normalised residuals. These test variates are used for
testing against a critical value of 10.80 resulting from an adopted significance level of

0.1% and a power of the test of 80%. An asterisk indicates rejected observations.

3.1 The site at the astronomical platform

Table la presents the results of the fiest positioning attempt at this site. Obviously this
solution cannolt be accepted since the test rejects all but one of the ohservations.
Inspecting the magnitude of the normalised residuals it becomes apparent that the range
to marker A is suspected most, because the magnitude of its test variate is about ten
times higher than any other one. Due to correlation between the residuals most
observations will be rejected in case of one large error. After re-measurement it became
clear that in the range to marker A, a 30 cm error had occurred. A "9" had been replaced
by a "6" probably because the range at the spring-rule had been read in an upside-down
position. The new results after re-measurement are presented in table 1b. The residuals
and the test-variates are very small and the observations obviously fit the adjustment
very well. The precision of the translation parameters is about half a mm and their
reliability about 2 mm. The latter means that a marginally detectable error in any one of '
the observations (in this case producing a test variate value of about 10.8) can only have
a maximum influence on these parameters of about 2 mm. These very satisfactory results
are a consequence of the utilisation of five markers, about symmetrically arranged

around the ranging system, and are in agreement with the expectations arrived at in the



59,

ufheryELUCy Ty

R E3ulh mkH)
figure 9. *
H Survey Mareer
H ¥LIACDEY €D waX Wt
!1.14 m sbave plstfoem
]
] |
1t ret

MILAS
O-;;:gﬂ- a e
i)
aurvey

% b i) omacker

Figure 10.

.

- ' .I
[ abuerving ]
momanent '
2.
i
a8 i
2 |
-
i a e T
b A
® ® _
+ H
MILAS 1
=4 cert [
o o ni
| - |
A
04D 50 120 G0

imgunures W MALRCSE

3

Footprin! of MITLKS. ..
Figure 9 depifets the accomodation for MILRS at the Kootwijk observatory.

Figure IC displays the optimal configuration of [tve markers as
supgest? for international site pads.
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param, o 1)

x:‘ o ~-. 0080 N 2.0 mm

X m .D520 5 1.7 ma

X:i n .0288 .k .4 mm

al dege  BG.3592 27.5 = B6.6 arcsee

Bg degr Leoy 50.5 228.0 arcsec

Yf degr  180.0217 65.0 175.9 arcsec

% 9713 L 1.0 1E-3

observetion res. test

' degr/m

marker "A"  clevation  LiT10  303.7h ¥
seimuth .0073 o
renge L1966 14795.50 &

murker "B" elevation -~.11kB  101.55
nzimuth (2585 571.20 =
range -.0698 1552.46 »

merker "¢ elevation -.2300 463,73 =
nzimuth -.1629 215,43 »
range -.0526  5hko.01 »

marker "D  elevation -.2419 512,02 #
szimuth -.1565  200.69 »
range -.0526 951,37 »

marker "EY  elevation -.1170 105,88 »
uzimuth «-,2731  6k1.05 »
range -.0701 1563.03 #

table la
&
table 1.

poaram, Q v
x:’ m ~.0078 6 1.9 mm
G .0323 5 LT mm
%3y .0203 A 1k mm
us degr  50.3589 27.h B6.2 arcsec
B degr  -.0012 50.3 225.8 arcsec
yz degr 186.0210 6h, T 176.0 arcsec
A 1.0006 1.0 1B3
observation res. test
degrfm
marker "A" elevation -.0080 .66
azimuth D067 .33
range .00t Lho
markexr "B" elevation L0058 .26
azimuth -.0041 . th
range - 0005 .08
marker "“C" elevation 0030 .08
azimuth .0058 .28
range . 0006 B
marker "D" elevation -.0103 92
azimuth -.0608 .01
range -.8003 .03
marker "E" elevation .0068 .36
szimuth -. 0076 .50
range -, 0013 i
table 1b

Posittoning results at the site at the astronomical platform.
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design study (Vermaat and Van Gelder, 1983). The size of the translation parametlers is
onty a few cm due to the fact that the origin of the O-systemn has been chosen at the site
center at an elevation of 1.3 m above the pad, thus very close to the expected location of
the instrumental center S. This results in an only rmarginal influence of the rotation

parameters on the baseline correction derived from formula (2.6).

3.2 The site at the parking lot

The results of the first positioning altempt at this site are presented in Lable 2a, which
indicates the rejection of one observation: the elevation of marker E. Closer inspection
reveals that some other observations have rather large test-variate values as well (e.q.
the elevation to marker A and D). This rather puzzling situation could not be improved
after re-measurement. The next step was to leave out any one suspected marker from
the solution (e.g. marker £, D or A) but not any of these attempts gave acceptable
results. Ultimately it could only be concluded that a rather complicated distortion had
occurred at this site, after the survey and prior to the occupation by MTLRS, affecting
the position of the majority of the markers. Thus these markers were re-surveyed and the
coordinate differences obtained are presented in table 3. These figures fully support the
assumption of a complicated distortion of a magnitude of 0.5 to 6.0 mm. Subsequently
the positioning procedure was repeated utilising the new marker coordinates and table Zb
presents the results, which are very acceptable. As could be expected, the precision and

reliability is very similar to the results obtained at the astronomical platform.

It must be clear that a problem of disturbed markers never may occyr in practical
situations. Especially in a situation without evidence that only one particular marker has
been disturbed, the reference point of the site has been irrecoverably lost and no
accurate relation to baseline solutions obtained from previous site occupations will be
possible. The site at the parking lot is only intended for testing purposes and for training
crews in manoeuvring, packing and unpacking of the system. Although some care has
been taken to isolate the markers from the pavement (figure 5) it is obvious that this has
not been very successful, mainly due to the type of pavement, the instability of the

subsurface soil and the sometimes heavy traffic to be expected at this location.

Sites meant for satellite observations have to be selected with extreme care and special

attention has to be paid Lo the installation of the markers.



parom. [+ v
o L0053 T 1.9 um
X m L0863 4 1.8 mm
X33 m L0656 S5 1.5 wm
a: degr  90.3343 26.9 82.0 srcsec
B: .dﬂgr -, 0760 61.5 234.8 arcsec
Yi degr  180,0109 66.9 198.2 aresec
% 10003 N .9 1E-3
chyervation res, test
degr/m
marher "A" elevation 0326 9.l
azimuth 0202 2.82
range 0017 1.03
murker "8"  elevation -.0087 W63
asimuth -.0113 1.05
range G009 27
marker "¢" elevation -.0169 2.78
 azimuth .0087 .68
range -.0029 2.95
marker “D"  elevation  .0346 9.56
azimuth -.0018 .02
. range ~. 000k .05
merker "E" elevation -.0LOY 13.28 »
. azimuth -.0157 1.85
range L0005 .10
table 2a
9
table 2,

param. g v
Xzi m L0060 N 1.9 mm
2 m L0890 6 1.8 mm
A4 m L0631 5 1.5 ma
uz degr 50,3485 26.9  82.0 erepee
ﬁi degr ~. 006k 61.5 23h.6 arcsec
v, degr  180.0065 66.9 198.2 arcsec
A7 1.0005 A .9 1E-3
observation res. . test
degr/m
marker "A" elevation  .0101 .91
gzimuth -.0005 .00
range .001h .70
merker "B" elevation -.0142 1.65
azimuth 0125 .29
range -.0012 52
marker "C" elevation  .0D0S6 .89
azimuth -.0171 2.6k
range -.0002 02
marker "D" elevation -.0066 .35
azimuth L0164 2.02
range ~, 0002 01
marker "E" elevaticn L6007 _ .00
azimuth ~.011h i.02
raﬁge .QCo0 00
table 2b

Positioning results al the site at the parking lot.

™y
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AX AY AZ
marker "A" 0.5 -1.0 -6.0 mm
gt 0.5 - . =0.9 -2.0
e h.6 -0.5 -1.0
"p 2.8 1.h -2,0
"Bt 1.8 0.1 ~1.0
table 3. Coordinate differences at the site at the parking lot

due to local deformation,
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4. Concluding remarks

From tests at two different sites, it can be conch:ded that the method designed for
MTLRS of determining the ground tie vector, not only easily discovers observational
errors, but also detects relatively small local disturbances in the immediate site area.

In addition it has become evident that the precision of the estimated parameters is very
satisfactory, especially the translation can be obtained to sub-millimeter precision, in
spite of the rather simple surveying technique employed.

The necessary requirement for accurate ground tie vector determination is the
availability of a sufficient number of markers in an optimal configuration. These markers
must be accurately surveyed prior to site occupation.

Another feature of the method employed for MTLRS, which already has proven its value,
is the fact that the data analysis is performed on-site, immédiately after obtaining the
observations. Thus the operators are able to identify problems of observational errors or

local site deformations immediately, and take measures accordingly.
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ABSTRACT

A model is provided to standardize the evaluation of laser ranging
system perfomance in terms of ranging accuracy. The model deals with the
magnitude and temporal nature of the known data error sources and aggre-
gates them in terms of Ranging Machine Errors, fpoch (Timing) Errors,
and Modelling (Environmental) Errors. The model is provided to charac-
terize and verify system performance for engineering operations and data
analysis requirements. It is anticipated that this model will be dynamic,
evelving with our understanding and needs. An application of the model to
the Arequipa station is included as an example.



LASER SYSTEM CHARACTERIZATION

1. REQUIREMENT AND METHODOLOGY

The Laser System Characterization is intended to provide a “Standard
Error  Model" to: 1) verify system performance; 2) verify system
upgrading; 3) compare systems, and 4) establish and adopt constants and
models for intercomparisons and data analysis. The model 1is not a
substitute for collocation tests which evaluate the total aggregated error
budget of the systems under study, but rather is designed to support
collocation and other system performance tests by providing the basis upon

which different systems utilizing different philosophies and techniques may °

compare error budgets, In addition, total mode! specification is
considered essential for accurate preprocessing and optimal weighting of
network observations in any least squares adjustment process.

The model characterizes each system, including local site dependent
variables, under normal operating conditions of a given epoch. That is,
the model parameters are tabulated for each system and site as a function
of time, being updated on a regular basis or whenever maintenance or
modification effecting the measurement occurs. The model also provides a
format to characterize system performance under malfunctioning conditions,
but its application to such a situation would have to be considered on a
case by case basis. [t may be more practical to disregard certain data
than try to characterize data under conditions of equipment malfunctions or
operator error.

In organizing this model, we placed requirements that it should:
1. Focus on the systematic error sources.

2. Specify the statistical means of characterizing each
component (1 sigma, peak-to-peak, etc.)

3, Specify relevant time period or periods for each component.

4. Define a means of measuring and specifying each error
component.,

5. Specify a means of aggregating the error components.
6. Be practicable,

This model does not include the averaging effect derived through
orbital geometry. Such averaging depends upon the method of analyses, the
station configuration, and the geophysical parameters being sought. This
model 1is 1intended to provide the analyst with the input required to test
error sensitivity in his own application of data.

For convenience, we have divided the error components into three
categories corresponding to the nature of the errors.
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1. Ranging machine errors are those associated with the laser
hardware and its calibration.

2. Epoch or timing errors are those associated with the station
clock, or time and freguency transfer.

3. Modelling or environmental errors are those associated with
data compensation for effects outside the ranging and timing
system,

In order to provide a firm basis for evaluation of total system
performance, this  specification aggregates hardware related effects
independently from environmental effects. This has the advantage of
allowing the user to focus on his area of immediate interest. [t is common
practice in laser ranging for the observing station to provide estimates
for ranging machine and timing errors but not for modelling and
environmental errors. In addition, traditional parametric data describing
~the  atmosphere is usually supplied by the station without precision
estimates. Since corrections for all three types of errors are applied or
furnished for all range observations, and an accurate a-priori estimate of
the precision of this corrected range is needed, it is necessary to state
all corrections with precision estimates.

The "Standard Model" should evolve and improve with our knowledge of
the error sources. In particular, it 1is assumed that the models and
techniques used to characterize the environmental effects will be replaced
by new models as they are developed and accepted. It is also anticipated
that archived data will be periodically reanalyzed as major improvements
are introduced.

2. CLASSIFICATION OF ERROR SOURCES

The model components are divided into categories:
1. Ranging Machine Errors

a. Wavefront distortion (Spatial Errors)

b. Uncorrected System Drift (Temporal Errors)

C. Uncorrected Variation 1in system delay with Signal
Strength

d. Errors in target range or calibration path length

e, Error 1in calibration due to uncertainties in
meteoralogical conditions along the calibration path

f. Variation in system calibration with background noise
level

g. Mount eccentricities

o

o



2. Epoch (Timing) Errors

a. Paortable Clock Set
b. Broadcast Monitoring

3. Modelling {Environmental) Errors

.

Atmospheric Propagation (Model)

Atmospheric Propagation (Meteorological Measurements)
Spacecratt Center-of-Mass

. Ground Survey of Laser Position

Data Aggregation )

O o

The user must be aware of the nature of each of the error sources,
otherwise, he runs the risk of confusing an error source with a geophysical
observable. This means that the operators of each 1laser ranging system
must provide a determination of each error source (size and time constant)
on a routine basis and make the full characterization schedule available to
the users.

A comprehensive system evaluation must be made at Tleast every six

months and before and after each major modification to the hardware data
fiow path,

3. CHARACTERIZATION OF ERRORS

Each error source for each participating laser system must be
characterized by its size and temporal nature. For simplicity, we use a
one sigma representation for those components that appear random (such as
wavefront) and one-haif peak-to-peak for those effects that appear to have
well defined trends (such as uncorrected variation with signal strength).
This gives strong incentive to make analytic a posteriori corrections where
possible,

Each error component has a characteristic signature in the pattern of
residuals from a perfect orbit. In this model, the temporal nature of the
error sources are quantified by time constants (decorrelation time) after
which the pattern of residuals would change appreciably; it is assumed
that the influence of error sources average out over 4-6 time constants. A
specific component of error may decorrelate in steps owing to the various
contributing activities,

In this model we characterize the error sources by their influence
over specific integration periods which span the range of geophysical
interest and operational constraints. In particular, we have chosen
periods of a pass, a day (several passes), a month, a year, and several
years (indefinite or trends). Many of the error sources, especially those
in the environmental category, are much better understood over short
periods and hence semi-annual, annual and decade fluctuations still need to
be defined or improved.
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4. RANGING MACHINE ERRORS

The known ranging machinge errors are summarized in Figure 1.

4,1 Spatial Variations

Spatial variations in time of arrival {or wavefront distortion} are
the result of mode structure in the laser, Patterns in the far field tend
to change appreciably over periods of a few hours or less, and hence the
effect which can give a strong residual signature (depending upon mods
nattern and satellite path within the laser beam) can vary from pass to
pass.  The effect tends to vary with pulse width and laser configuration,

Spatial variations are measurcd by mapping the wavefront with a fixed
ground-based retrorefiector, The effect would be characterized by the
r.m.s. variation over the wavefront. Sufficient data must be taken to
assure that range noise is negligible and there must be enough redundancy
in the data taking sequence to verify the pattern {and avoid temporal
effects),

4,2 Temporal Variations

Temporal variations refer to uncompensated system drift {change in
internal delay) during ranging operations. These would be due to changes
in temperature, cycling of fans and compressors, changes in line voltage,
gtc. The potential for a problem 1is exacerbated by increased time
intervals between calibrations; systems that are calibrated on a pulse by
puise basis avoid the problem, whereas those that rely on pre-and-post pass
calibrations must be very carefully monitored.

Temporal variations are evaluated on an r.m.s. basts by wmonitoring
and analyzing pre-minus-post calibration differences over an extended
period of time (at least one month). The pre-minus-post calibration is not
unambiguously  separable from meteorological fluctuations along the
calibration path, (see below) but the method is simple and will give an
upper bound to the effect.

Temporal variations can also be monitored by ranging to a close ground
target (to minimize propagation effects) over a period of several hours.

Py
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4,3 3Signal Streagth Variations

Variations in system detay with signa) strength arise because
performance of devices within the system fincluding PMTs are amplitude
ardgfor puise-widih  dependent, Those systems that are calibrated and

intended to operate at the single photoelectron level only would have veary
minimum degradation due to this effect. This, of course, presumes that
there s oproper discrimination against occcasional muitiple photon returns
{(with different system propagation times) which would degrade range
BCCUTACY.

The variations with signal strength, which are measured by detailed
target calibrations over the full dynamic range of the system, tend to have
a systematic trend which may lend itself to a posteriori anaiytic
correction, Since this error source is dependent upon signal strength and
hence range, it can give systematic residual patterns. As such, the effect
is Tong term. As an incentive to consider analytic carrections, this model
uses a one-half peak-to-peak representation (over the pertinent dynamic
range) to characterize this effect.

4,4 Calibration Target Distance

4.4.1 Measurement Techniques (Exclusive of Meteorological Correction)

Error in calibration target distance includes both ground targets and
internal calibration paths. This 1is essentially how well a path can be
measured by ground survey or tape measure, Fach station must provide an
estimate of target range accuracy which 1is based on the measurement
technique. This error is a fixed long term bias.

In addition, as mentioned in 6.3 below, each station may have
significant diurnal and annual signatures in the distance between the laser
and the ground target. Ideally, target distance should be measured at
several times during the day as well as a number of times during different
seasons to determine: (1) if such a wvariation exists; (2) if it is
significant and reproducible, and, (3) if a useable model can be developed.

4.4.2 Meteorological Correction to Calibration

In those systems that use ground targets for calibration, corrections
must be made for horizontal propagation delay. The technique for computing
this correction should be standardized to the group refractivity {Ng)
derived from the Barrel and Sears formula adopted by the IAG in 1963,

_ N _ P , e
Ng = N -} 4% 80.343 £(3) % - 11.3 <
where:
£{\) = 0.9650 + 0.0164 , 0.000228

22 .
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(8]
which has been normalized to 1 for X = 6943A (ruby laser wavelength)

and where;
A = wavelength in microns
P = total air pressure (mb)
e = partial pressure of water vapor (mb)
T = temperature {degrees Kelvin)

The refractive correction must be based on measurements of P, T, and ¢ ({or
%R.H.) at both ends of the calibration path or in the very least, an
extrapolation based on the slope of the calibration path. No curvature
corrections need be applied if the line is shorter than 10 km,

The total effect of the atmosphere is about 270 parts in 10" at sea
level, The major uncertainties in making this correction are temperature
and pressure variations along the path. This effect probably includes
short period terms which average out over time spans of a day plus longer
term biases which may include seasonal and even  annual effects.
Fluctuations of several degrees, which are not uncommon over a 1 km path
can lead to an error in the refraction correction of as much as 1% (3mm).
The size of the annual component is not clear, but it may be significant,

Instrument and procedural errors in the reading of pressure and
temperature aiso add uncertainties to the refraction correction. A reading
error of 1 mb in pressure or 0.5 C in temperature will 1introduce a bias
error of .1% in the refraction correction {or about .3 mm for a 1 km
calibration path).

The value of the error {r.m.s.} in the meteorological correction must
be determined by each station based on local measurements, topography, and
instrument calibration.

4.5 Mount Eccentricities

Laser range measurements must be referred to an "invariant" (fixed)
reference point (usually termed the ‘"intersection of the axes") on the
Taser mount. This point must be specified along with the associated path
offset. In reality, however, these “"invariant® points may not be fixed in
space and the resulting "mount eccentricities" can produce pass-dependent
systematic range errors. The pertinent eccentricities must be measured
and/or modelled with appropriate range error characteristics. The
influence of this effect is of particular importance with large instruments
and with X-Y mounts., Since mount eccentricities produce reproducible,
systematic components, the unmodelled (uncompensated) effects should be
estimated on a half peak to peak basis,



deu Variation wWilh Background foise Level

There is some speculation that system delay may be & Tfunciion of
background noise level., However, to date thare h ¥

E s .
SRS IYYect.,

h. TIMING ERRORS

The standard epoch reference used for laser ranging is  UTC (B1H) or
b ciose proximity UTC (USNO). The accuracy to which epach 15 maintained
is station dependent and must be furnished by each operating statiaon. in
practice, all station clocks are checked periodically with a portable clock
and monitored at least once per day using LORAN, GPS, TV Reception, VLF or
some  other broadcast source. On a single pass basis with Lagens, a 1
microsec epoch error will introduce an error in station position of asbout 4
I

5.1 Portable Clock Check

Portable clock checks are typically of .1-1.0 microsec quality
depending upon the portable clock, the lenath of the clock trip, and the
station clock.  An ervor in the pertabie clock set introduces a fixed bpias
component (long term) until a subsequent clock trip takes place.

5.2 Time Broadcast Monitoring

Epoch and/or frequency broadcasts are monitored at least daily by most
ocperating stations, Those that recejve TV line signals, or ground wave
LORAN should be able to monitor epoch to 1 microsec; GPS reception should
be considerahly better, The daily values are independent determinaticns of
station clock offset and hence the time constant for this component of
epoch error 1is one day. For those using skywave LORAN or VLF, daily
fluctuations of several microseconds due to propagation effects are common.
In this case, averaging over several days is required to smooth out the
data. The time constant in this case is 3-5 days. Routine monitoring of
VLF  propagation by the U.S. Coast Guard indicates that long term [even
annual) variations measured during pericds of stable propagation during the
day are typically 1 microsecond or less.

It should be pointed out that historically long term timing errors
have been notorious at the field stations. For the most part however,
these have been the result of hardware and/or operational difficulties
which should be documented as malfunctions.

6. MODELLING ERRORS

A summary of the modelling errors appears in Figure 2, with notation
whether they are determined (measured} on a site by site basis or estimated
from general models in use.
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Atmospheric Propagation Moda)

6.1.1 HModel

The recommended model for columnar refraction between ground stabtion
ard  sateliite is the model by Marini and Murray (1973) based on the Barrel
and Sears model for atmospheric refractivity ard a standard axpcenential
atmosphere.  {The use of this model should be standardized and changed oniy
#1th the organized consensus of the community.) Although thnis model does
Aok inciude the effects of horizontal gradients in atmospheric density and
temperature, it is believed to be accurate to within 1-2 centimeters of ray
Lracing results performed on radiosonde data {Marini and Murray, 1973,
Gardner 1976).

It must be recognized, however, that this model does not include the
effects of horizontal gradients in atmospheric density. AL low elevation
angles, the laser beam may be passing through pressure fields that vary by
a few millibars at ground level. This alone could introduce uncertainties
as large as 1 cm or more. Even with no surface pressure  changes with
position, horizontal gradients in temperature can influence the model error
for slant ranges by making the scale height depend on position. Gardner
(1876) and [unn et. al. (1982), have studied this effect and find typical
errors of 1.5 and 2 cm (r.m.s.) respectively at 20 degrees elevation if no
correction far horizontal gradient is made.

Since observations are taken over all accessible elevation angles
(usually above 20 degrees), and since the effects of horizental gradients
fall off rapidly with elevation angle, the average effect is about 0.5 cm.
In lieu of nmore definitive data at the moment, we have characterized the
refraction error as 0.5 cm at 45 degrees elevation. Since atmospheric
conditions typically change on both diurnal and lTonger time scales, we
anticipate that the size of this error source would decrease stowly with
observing time, In addition, there 1is probably an uncorrected annual
variation, but as yet this is unquantified.

b.1.2 Meteorological Measurement Error

The most significant term in the Marini and Murray model is
proportional to pressure (p) and inversely proportional to elevation angie
(E):

0.0024

$4R(m) = sin E

&p(mb)

The dependance on temperature change (§T) of this model can be expressed
= 1x10™° o

SAR(m) =‘—*—§——— §T( C)
sin"E

A measurement error of 1 mb in pressure and 1 C in temperature, which are
common in todays field operations, will introduce errors of about 7 mm and
0.3 mn respectively at 20 degrees altitude, However, it is cquite feasible
with available dnstrumentation to measure barometric pressure alt field
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stattons to 0.3 mb. To the extent that errors in pressure and temperature
readings are due to instrument calibration or reading procedure, the
influence of these components would be long term range biases which
increase with zenith angle and hence range. These errors should be
estimated on a site by site basis by comparison with calibrated
instrumentation,

6.2 Spacecraft Center of Mass

The range correction to spacecraft center-of-mass for lL.ageos has been
calculated analytically (Fitzmaurice et. al. 1978; Arnold 1978} and
measured in the laboratory prior to launch (Fitzmaurice et. al. 1978). The
analytical models show a dependence of range correction on pulse width and
pulse detection scheme. For those situations in common the differences
between the analyses by Fitzmaurice et. al. and Arnold is less than 1 mm.
Our estimate for the error in range correction to Lageos is taken from the
experimental measurement uncertainty which was ahout 2 mm (Fitzmaurice
et. al. 1978). This value, of course, assumes that the correction made is
appropriate for the laser pulse width and detection scheme. Otherwise, an
error as large as 1 cm is possible. This error would bhe a long term fixed
range hias.

6.3 Ground Survey of Laser Position

Lasers that reoccupy a site can not be placed in exactly the same
position each time. As such the system reference point must be surveyed to
the local geodetic reference marker. The error in this measurement will
constitute a fixed offset in station position for the period of one site
occupation. These estimates of measurement accuracy must be furnished by
each laser ranging group for each occupation by a mobile laser system. In
the case of fixed Taser systems, the local survey errors are important from
the standpoint of interconnecting datum, however, they do not effect direct
measurement of station position or crustal motion. [t should also be
recognized that many ground sites have significant annual signatures due to
changes in ground water. At some point, this issue must be systematically
addressed.

6.4 Data Aggregation

No specification is recommended at this stage as there is at yet no
agreed "best" method. Several methods based on 1-3 minutes of ranging data
are being used to produce normal points with errors less than 1 mm are
currently under intensive study, Once these are concluded we expect
standardization to occur.

7. AGGREGATION OF ERRORS

Since the nature and representation of the separate error sources is
quite varied a rigorous aggregation of the error sources would be quite
difficult. However, a simplified approach to data aggregation is to assume
that the individual components of error are uncorrelated and that an r.s.s.



of all pertinent error sources is sufficient to give an overall estimate of
total ranging error, For this, we would form separate estimates of range
error for each integration (averaging) time of {1) a pass, (2} a day, {3} -
month, and (4} an indefinite period {long term),

As pointed out eariier, once the annual components are beiter
understood, they should be tabulated separately. An exampie of how the
data could be presented and aggregated is shown in Figure 3, An  example
using the SAQ laser in Arequipa is shown in Figure 4,

6. AN EXAMPLE: THE AREQUIPA LASER

The "Standard Error" Model for the Arequipa Laser appears in figure 4,

8.1 Environmental Errors

8.1.1 Atmospheric Propagation Model

We use the Marini and Murray Model for the atmospheric propagation
correction to satellite ranges. We estimate the refraction error to ha 4.5
cin {see above). With our ground based meteorological instruments we read
barometric pressure with & mercury column to an estimated accuracy of +1
mbar based on a comparison among instruments. Temperature is wmeasured Tto
+1 degree Celsius with a mercury thermometer and relative humidity to +10%
with a sTing psychrometer.

8.1.2 Spacecraft Center-of-Mass

SA0 uses the Arnold Models for its spacecraft center-of-mass
correactions, The correction used for Lageos on the Arequipa data is 24.3
cm. This is appropriate for a 3 nsec pulse and a centroid (center of
gravity) detector. The estimated error is 2 mm (r.m.s.).

8.1.3 Ground Survey of Laser Position

Since the Arequipa laser is a fixed system, no error for ground survey
of laser position is included.

8.1.4 Data Aggregation
We do no aggregation on the quick-look or final data.
8.1.5 Summary of Environmental Errors

The aggregated environmental contribution is estimated at 1.6 ¢m over
the short term {a day or less) and 1.2 cm for longer periods.
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8.2 Ranging Machine Errors

8.2.1 Spatial Variations

Spatial wvariations are measured in Arequipa by ranging on a
ground-based corner cube at a distance of about 1 km. Range measurements
are made in sets of 50-100 laser shots at return signal strengths in the
range of 5-20 photoelectrons, Measurement sets are taken over a matrix
with 20 arcsec spacings over the 2 arcmin wide laser output beam, The sets
are taken 1in random order around the matrix with scheduled returns to the
central “reference" position to check for temporal drift. The mean values
of the sets are used to map the wavefront contours and to calculate the
r.m.s. wavefront variation.

The r.m.s. spatial variation in Arequipa is typically in the range of
2-3  cm. Experience has shown that the wavefront pattern changes
appreciably over a period of & day. We use a value of 2 cm for the daily
average to accommodate the fact that the acquired Lageos pass in a given
day may come within a few hours of each other. Examination of wavefront

31,

data over extended periods of time indicates that over the Tong term, the;

effect averages to zero for this ranging system. However, since the
resotution of the Arequipa system is about 1 cm, we use this value (1 cm)
for our long term estimate of error.

8.,2.2 Temporal Variations

An upper bound for the temporal variations have been estimated from
the historical pre- and post-calibrations (which are taken on the billboard
target before and after each pass). In pre- and post-calibrations at least
50 laser measurements are taken to the yround target in the return signal
strength range of 5-25 photoelectrons. Mean values for each are
caltculated; the pre-post difference for each pass is used to bound the
system drift over the pass time duration. These differences, which have
typical r.m,s. values of 2 cm, show no systematic trend over a period of
several months, indicating that temporal variations (if they are at all
significant} average out very quickly. Once again, due to the limitation
in system resolution, we estimate the long term error component for
temporal variations at 1.0 cm,

8.2.3 Signal Strength Variations

In Arequipa, the system delay variation with signal strength is
measured routinely with extended calibrations on the billboard target.
Measurements are taken over the range of 1 to 100 photoelectrons by
adjusting neutral density filters in the photoreceiver, Sufficient data
are taken to ensure that at least a hundred returns are received at the
single photoelectron level and at least 25-50 returns are received in each
half decade interval over the return energy range (the actual set size is
made sufficiently large to reduce the statistical errors (1 sigma) to about
1 ¢cm). The data are aggregated in corresponding signal strengths sets to
examine system performance. Typical variations over the full dynamic range
are 3 cm or less (half peak-to-peak). As a rule, system calibration value



increases with signal  strength, but point by point fluctuations make it
difficult to model and correct.

8.2.4 Calibration Target Distance

The target distance in Arequipa 1is about 1 km along a nearly
horizontal path, The target distance is measured with a laser geodimeter
(Hewlett Packard Model 3B808A) which has an accuracy of about 1 em. The
distance s measured repeatedly over the period of a day to average out
statistical errors. Propagation corrections are made using the Barrel and
Sears formula, At the moment we measure temperature and pressure only at
the ranging site. We anticipate fluctuations of a few degrees (Celsius)
along the path giving an uncertainty of about 1% or 3 mm. It is not clear
now much of this is short term and how much is seasonal. At the moment we
assume that this 1is a Tlong period effect. We use a Mercury column to
measure pressure and a standard mercury thermometer to measure temperature.
In addition, a reading error of 1 mb and 1.09C which could add another mm
in long term bias error.

8.2.5 Mount Eccentricities

The cccentricity of the mount in Arequipa has not been measured but on
the basis of the compact design of the Azimuth-Altitude Mount and the
separated laser and photoreceiver we estimate the eccentricity at 1 mm or
less,

8.2.6 Summary of the Ranging Machine Errars

The aggregated ranging machine errors amount to about 5 c¢m on a single
pass basis, and about 3.5 cm over the long term.

8.3 Timing Errors

The timing system at the Arequipa station uses redundant clocks (with
Cesium and Rubidium Standards), VLF, Omega and portable clock checks. The
accuracy of portable clock sets as determined from closure is typically 1
microsecond (r.m.s.) or better. The portable clock readings indicate that
station time continuity over the short term (single pass) as maintained by
VLF phase reading to be better than +4.0 microseconds. Based on our
experience and that of the U.S. Coast Guard in monitoring VLF, it appears
that data smoothing reduces this error considerably over a few days.

The long term bias is assumed to be 1 microsecond which is typical of
U.S. Coast Guard measurements,
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